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Herein,  a  simple  one-pot  approach  is  developed  for  preparation  of  Pt3Co  nanoflowers  by  co-reduction  of 
Pt  (II)  acetylacetonate  (Pt(acac)2)  and  Co  (III)  acetylacetonate  (Co(acac)3)  in  oleylamine,  without  any  seed 
or  template.  It  is  found  that  hexadecylpyridinium  chloride  monohydrate  (HDPC)  is  served  as  both  the 
stabilizing  and  structuring-directing  agent  that  plays  an  important  role  in  the  formation  of  well- 
dispersed  flower-like  Pt3Co  nanoparticles.  The  as-prepared  Pt3Co  nanoflowers  show  the  enhanced  cat¬ 
alytic  performance  for  oxygen  reduction  reaction  (ORR)  in  comparison  with  solid  Pt3Co  nanoparticles  and 
commercial  Pt  black  catalysts,  dominated  by  a  four-electron  pathway  based  on  the  Koutecky-Levich 
equation.  Meanwhile,  Pt3Co  nanoflowers  exhibit  the  improved  catalytic  activity  and  long-term  stability 
towards  methanol  oxidation  reaction  (MOR),  using  solid  Pt3Co  nanoparticles  and  commercial  Pt  black 
catalysts  as  references.  The  improved  catalytic  features  of  Pt3Co  nanoflowers  are  mainly  attributed  to  the 
porous  three-dimensionally  interconnected  structures,  enlarged  specific  surface  area,  ligand  effect  and 
bifunctional  mechanism  between  Pt  and  Co.  The  as-developed  method  provides  a  promising  pathway  for 
preparation  of  highly  efficient  electrocatalysts  for  ORR  and  MOR. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  direct  methanol  fuel  cells  (DMFCs)  have  attracted 
increasing  attention  for  the  advantages  of  high  power  density, 
ease  of  handling,  and  low  operating  temperature  [1,2],  There 
are  two  major  reactions  involved:  oxygen  reduction  reaction 
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(ORR)  on  the  cathode  and  methanol  oxidation  reaction  (MOR) 
on  the  anode.  In  these  systems,  Pt  and  Pt-based  catalysts  are 
widely  used  as  efficient  anode  and  cathode  catalysts  in  acid 
media  [3,4], 

However,  the  durability  of  Pt-based  catalysts  can  be  compro¬ 
mised,  owing  to  Ostwald  ripening  during  the  electrocatalytic  pro¬ 
cess  [5].  Besides,  the  generated  CO-like  intermediates  have 
tendency  to  occupy  the  active  sites  of  the  catalyst  surfaces,  leading 
to  the  “poisoning”  phenomenon  on  the  catalysts,  which  is  a  major 
problem  to  the  maintenance  of  their  high  catalytic  activity  [6], 
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Moreover,  high  cost  and  scare  resource  of  Pt  severely  limit  their 
commercial  applications  in  DMFCs  7], 

To  date,  alloying  Pt  with  relatively  cheap  metals  (e.g.,  Pd,  Au,  Ag, 
Cu,  and  Ru)  [8—12]  demonstrates  the  best  route  to  improve  the 
catalytic  activity  and  reduce  the  use  of  Pt.  Impressively,  introducing 
non-precious  3d  transition  metals  (i.e.  Fe,  Co,  Ni,  and  Sn)  is  proved 
to  be  the  most  available  method  for  the  enhanced  catalytic  per¬ 
formance  of  Pt  13—16],  This  is  ascribed  to  the  special  bifunctional 
mechanism  of  the  alloyed  bimetals  and  the  regarding  electronic 
effects  17—19],  as  further  confirmed  by  PtCo  alloyed  networks  with 
higher  activity  and  better  stability  for  MOR  in  comparison  with  Pt 
nanoparticles  [20].  Based  on  the  density  functional  theory,  PtNi 
alloys  were  manifested  the  enhanced  catalytic  activity  towards  ORR 
[21  ,  owing  to  the  modified  electronic  structure  of  Pt  by  Ni. 

Among  the  Pt-based  catalysts,  PtCo  alloys  are  fascinating  for 
their  improved  catalytic  performance  towards  ORR  and  MOR 
[22—25],  Kwon  and  co-workers  synthesized  Pt3Co  nanoparticles 
(2—3  nm)  with  Pt-enriched  shells  on  a  carbon  support,  which 
showed  the  improved  catalytic  performance  towards  ORR  in 
comparison  with  commercial  Pt/C  catalyst  [26],  Fang  et  al.  fabri¬ 
cated  (lOO)-facet-terminated  Pt3Co  nanocubes  with  the  enhanced 
catalytic  activity  for  MOR  in  comparison  with  Pt  nanocubes  [27], 
Qiu’s  group  prepared  nanoporous  PtCo  alloys  with  the  improved 
catalytic  activity  towards  MOR  [23], 

However,  synthesis  of  PtCo  alloyed  nanoparticles  is  quite  a 
challenging  task  because  of  the  large  difference  in  standard 
reduction  potential  between  these  two  metal  ions  and  the  distinct 
atom  sizes  [20,28],  Thus,  great  efforts  have  been  devoted  to  the 
synthesis  of  PtCo  nanoparticles.  For  example,  Fang  and  co-workers 
synthesized  Pt3Co  nanocubes  with  the  help  of  oleylamine,  oleic 
acid,  and  W(CO)6  by  varying  the  temperature  from  130  to  240  °C 
[27].  Schaak  et  al.  developed  a  two-step  process  for  synthesis  of 
hollow  PtCo  nanospheres,  with  the  assistance  of  a  sacrificial  tem¬ 
plate  [29],  Yang's  group  constructed  PtCo  nanorods  in  ionic  liquid  at 
350  °C,  using  cetyltrimethylammonium  bromide  (CTAB)  as  a 
capping  reagent  [30],  Nevertheless,  the  high  reaction  temperature 
and  complex  operation  steps  limit  their  large-scale  preparation. 

As  the  catalytic  reaction  usually  occurs  on  the  catalyst  surface,  it 
is  necessary  and  practical  to  fabricate  a  catalyst  with  enlarged 
surface  area,  lower  noble  metal  loading,  and  improved  catalytic 
activity.  Porous  three-dimensional  nanocrystals  are  the  ideal  can¬ 
didates  to  provide  large  surface  areas  and  supply  abundant  active 
sites  for  reactant  molecules  [31],  and  thereby  attract  tremendous 
interest.  Besides,  their  particular  interconnected  structures  can 
effectively  suppress  the  Ostwalding  ripening  effects,  leading  to  the 
improved  stability  of  the  catalyst  [32,33].  Up  to  now,  great  progress 
has  been  made  for  synthesis  of  bimetallic  porous  nanostructures, 
including  porous  Pd  nanoparticles  [34,35],  PtPd  nanoflowers  [31], 
porous  Pt3Ni  nanocrystals  [36],  and  AuPd  nanoflowers  [37],  How¬ 
ever,  few  studies  are  involved  in  the  preparation  of  PtCo 
nanoflowers. 

In  this  report,  a  one-pot  synthesis  strategy  was  developed  for 
fabrication  of  Pt3Co  nanoflowers  by  co-reduction  of  Pt  (II)  acety- 
lacetonate  (Pt(acac)2)  and  Co  (III)  acetylacetonate  (Co(acac)3)  using 
oleylamine  as  a  reducing  agent  and  solvent,  and  HDPC  as  a  stabi¬ 
lizing  and  structuring-directing  agent.  The  electrocatalytic  activity 
and  stability  of  Pt3Co  nanoflowers  were  examined,  using  ORR  and 
MOR  as  model  systems. 

2.  Experimental  section 

2.3.  Chemicals 

Pt(acac)2,  Co(acac)3,  oleylamine,  HDPC,  and  commercial  Pt  black 
were  supplied  from  Aladdin  Chemical  Reagent  Company  (Shanghai, 


China).  Other  chemicals  were  of  analytical  grade  and  used  without 
further  purification.  All  aqueous  solutions  were  prepared  with 
twice-distilled  water  throughout  the  whole  experiments. 

2.2.  Synthesis  of  Pt^Co  nanoflowers 

For  typical  synthesis  of  Pt3&)  nanoflowers,  100  mg  of  HDPC  was 
dissolved  into  20  mL  of  oleylamine  under  gentle  agitation,  and 
ultrasonicated  for  30  min  to  obtain  a  homogenous  solution.  Then, 
0.020  g  of  Pt(acac)2  and  0.018  g  of  Co(acac)3  were  put  into  the 
mixed  solution  under  stirring.  After  ultrasonication  for  another 
30  min,  the  mixture  was  transferred  into  a  Teflon-lined  stainless 
autoclave.  The  autoclave  was  maintained  at  170  °C  for  24  h,  and 
allowed  to  cool  to  room  temperature  naturally.  The  black  precipi¬ 
tate  was  collected  and  thoroughly  washed  with  ethanol,  followed 
by  dispersing  in  cyclohexane.  Solid  Pt3Co  nanoparticles  were  pre¬ 
pared  in  the  absence  of  HDPC,  while  other  conditions  were  kept 
constant. 

2.3.  Characterization 

The  detailed  morphology,  crystal  structure,  and  composition  of 
the  samples  were  determined  by  transmission  electron  microscopy 
(TEM),  high  resolution  TEM  (HRTEM),  high-angle  annular  dark-field 
scanning  transmission  electron  microscopy  (HAADF-STEM),  and 
energy-dispersive  X-ray  spectroscopy  (EDS)  on  a  JEM-2100F  mi¬ 
croscope  operated  at  an  acceleration  voltage  of  200  kV.  X-ray 
photoelectron  spectroscopy  (XPS)  measurements  were  performed 
with  a  Thermo  VC  ESCALAB  250  spectrometer  with  an  Al  Ka  X-ray 
radiation  (1486.6  eV  photons)  for  excitation  operated  at  120  W.  X- 
ray  diffraction  (XRD)  spectra  were  acquired  on  a  Philips  PW3040/60 
diffractometer  using  Cu  Ka  radiation  source  (A  =  0.15405  nm). 

2.4.  Electrochemical  measurements 

The  electrochemical  measurements  were  carried  out  on  a 
CHI832b  electrochemical  workstation  (CH  Instruments,  Chenhua 
Co.,  Shanghai,  China).  A  conventional  three-electrode  system  was 
used  for  all  the  electrochemical  experiments,  which  consists  of  a  Pt 
wire  as  counter  electrode,  a  saturated  calomel  reference  electrode 
(SCE)  as  reference  electrode,  and  a  bare  or  modified  glassy  carbon 
electrode  (GCE,  3  mm  in  diameter)  or  rotating  disk  electrode  (RDE, 
4  mm  in  diameter)  as  working  electrode.  Besides,  the  RDE  experi¬ 
ments  were  carried  out  on  a  PAR  model  616  RDE.  All  the  potentials 
here  were  reported  with  respect  to  the  reversible  hydrogen  elec¬ 
trode  (RHE),  if  not  stated  otherwise. 

For  construction  of  the  catalysts  modified  electrodes,  6  and 
10  pL  of  the  aqueous  suspensions  ( 1.0  mg  mL-1 )  were  dropped  onto 
the  clean  GCE  and  RDE  surfaces  with  a  microsyringe  and  dried  in 
air,  respectively,  followed  by  casting  3  and  5  pL  of  Nafion  (0.05  wt%) 
to  tightly  combine  the  catalyst  on  the  electrode  surfaces. 

As  known,  CO  is  usually  regarded  as  a  major  poison  interme¬ 
diate  for  Pt  catalysts  in  alcohol  oxidation  process.  Thus,  CO  strip¬ 
ping  serves  as  a  model  probe  to  evaluate  CO  tolerance  of  a  catalyst. 
CO-stripping  measurements  were  performed  as  follows:  CO  was 
bubbled  for  15  min  to  form  CO  adlayer  on  the  surface  of  the  catalyst 
at  0.1  V.  Excess  CO  in  the  solution  was  purged  with  N2  for  20  min 
and  CO-stripping  voltammograms  were  recorded  via  oxidizing  the 
pre-adsorbed  CO  in  0.1  M  HCIO4  at  a  scan  rate  of  50  mV  s-1.  Cyclic 
voltammograms  (CVs)  were  acquired  with  or  without  1.0  M 
methanol  in  a  potential  window  from  -0.2  to  1.0  V  (vs.  SCE)  in  0.1  M 
HCIO4  at  a  scan  rate  of  50  mV  s  The  amperometric  current— time 
(i— t)  curves  were  obtained  at  a  fixed  potential  of  0.85  V  for  6000  s 
in  1.0  M  methanol  +  0.1  M  HC104.  The  electrochemically  active 
surface  area  (ECSA)  of  a  catalyst  was  calculated  from  the  integrated 
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Fig.  1.  (A)  TEM  and  (B-D)  HRTEM,  and  (E)  HAADF-STEM-EDS  mapping  images  of  Pt3Co  nanoflowers.  (F)  The  HAADF-STEM  image  and  cross-sectional  compositional  line  profile  of  a 
Pt3Co  nanoflower.  (G)  EDS  pattern  of  Pt3Co  nanoflowers.  (H)  XRD  patterns  of  Pt3Co  nanoflowers  (curve  a)  and  Pt  black  (curve  b).  Inset  shows  the  corresponding  SAED  pattern. 


hydrogen  desorption  region  after  double-layer  correction,  using 
0.21  C  cm-2  as  the  conversion  factor  [38], 

The  ORR  polarization  curves  were  recorded  in  02-saturated 
0.1  M  HCIO4  with  a  sweep  rate  of  5  mV  s-1  at  various  rotation 
speeds  ranging  from  100  to  2500  rpm.  The  Koutecky— Levich  plots 
(obtained  by  using  the  inverse  current  density  Q'-1)  as  a  function  of 
the  inverse  of  the  square  root  of  the  rotation  rate  ((lT1^2))  were 
analyzed  at  0.4  V.  The  slopes  of  the  linear  fitting  lines  were  used  to 
calculate  the  number  of  transferred  electrons  (n)  according  to  the 
Koutecky— Levich  equation  [3,9]: 


i  ik  +  id  ik  +  BwV 2 


B  =  O^nFCoD^V1/6  (2) 

where  i  is  the  measured  current,  ik  is  the  kinetic  current,  id  is  the 
diffusion-limiting  current,  oj  is  the  speed,  n  is  the  number  of  the 
transferred  electrons,  F  is  the  Faraday  constant  (96485  C  mol-1),  Co 
is  the  oxygen  solubility  (1.26  x  10-3  mol  L-1),  D0  is  the  oxygen 
diffusivity  (1.93  x  10-5  cm2  s-1),  and  v  is  the  kinetic  viscosity  of  the 
electrolyte  (0.01  cm2  s-1)  [39],  By  putting  these  parameters  into  the 
Equation  (2),  B  =  0.0376 n.  And  B  factor  can  be  calculated  from  the 
inverse  of  the  as-mentioned  slopes. 


The  accelerated  durability  test  (ADT)  was  carried  out  in  0.1  M 
HCIO4  by  applying  linear  potential  sweeps  between  -0.2  and  1.0  V 
(vs.  SCE)  for  1000  cycles  at  50  mV  s_1. 

3.  Results  and  discussion 

As  can  be  seen  from  low-resolution  TEM  image  (Fig.  1A),  the  as- 
prepared  product  contains  a  lot  of  well-defined  flower-like  nano¬ 
structures,  with  an  averaged  size  of  24  nm.  Furthermore,  HRTEM 
image  displays  an  individual  flower  with  porous  three-dimensional 
nanostructure,  which  is  composed  of  many  tiny  particles  with  the 
averaged  size  of  5  nm  (Fig.  IB). 

The  selected-area  electron  diffraction  (SAED,  inset  in  Fig.  1A) 
pattern  demonstrates  polycrystalline  nature  of  Pt3Co  nanoflowers. 
Besides,  Fig.  1C  and  D  show  the  interplanar  spacings  determined 
from  different  tiny  particles  with  the  values  of  0.229  and  0.200  nm, 
corresponding  to  the  (111)  and  (200)  planes  of  the  face-centered 
cubic  (fee)  Pt3Co  alloys,  respectively  [40,41],  These  results  indicate 
the  formation  of  Pt3Co  alloyed  phase. 

HAADF-STEM  elemental  mapping  images  (Fig.  IE)  and  the  cor¬ 
responding  elemental  line  scanning  analysis  (Fig.  IF)  further 
determine  the  structure  of  Pt3Co  nanoflowers.  Clearly,  Pt  and  Co 
atoms  are  uniformly  distributed  throughout  the  whole  nanoflower, 
verifying  the  formation  of  Pt3Co  alloys.  The  coexistence  of  Pt  and  Co 
elements  in  the  final  product  is  further  confirmed  by  the  EDS 
analysis  (Fig.  1G),  with  the  atomic  Pt  to  Co  ratio  of  76.66:23.24.  This 
value  is  close  to  3:1. 
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Fig.  1H  displays  the  XRD  pattern  of  Pt3Co  nanoflowers  (curve  a), 
using  commercial  Pt  black  (curve  b)  as  a  reference.  The  two  samples 
exhibit  four  representative  diffraction  peaks  at  around  40°,  47°,  68°, 
and  82°,  corresponding  to  the  (111),  (200),  (220),  and  (311)  planes 
of  the  fee  of  Pt.  Impressively,  the  diffraction  peaks  for  Pt3Co  nano¬ 
flowers  slightly  shift  to  higher  20  values,  compared  with  com¬ 
mercial  Pt  black,  suggesting  the  reduced  lattice  parameter  of  Pt  and 
the  formation  of  Pt3Co  alloys  [42].  Although  no  peaks  for  Co  and  its 
oxides  can  be  found,  their  presence  cannot  be  neglected  because 
they  may  be  present  in  a  very  small  amount  or  even  in  the  amor¬ 
phous  form  [43], 

The  averaged  crystal  size  can  be  calculated  from  the  (220) 
diffraction  peak  based  on  Scherrer’s  equation  [9],  L  =  (0.9 A)/(/?i/ 
2Cos  6)  with  the  value  of  ca.  4.9  nm,  where  A  is  the  wavelength  of  X- 
ray  (1.5406  A),  8  is  the  angle  at  the  position  of  the  maximum  peak, 
and  /l  i/2  is  the  width  of  the  diffraction  peak  at  half  height  in  radians. 
This  value  matches  well  with  the  averaged  particle  size  obtained 
from  HRTEM  measurements. 

XPS  analysis  was  used  to  characterize  the  oxidation  states  of 
PtsCo  nanoflowers  (Fig.  2).  The  binding  energies  of  75.33  and 
72.08  eV  are  corresponding  to  Pt  4fs/2  and  Pt  4f7/2  (Fig.  2A),  which 
can  be  divided  into  two  pairs  of  doublets:  metallic  Pt  at  75.28  and 
72.03  eV,  and  Pt2+  at  76.48  and  73.13  eV  [9],  The  existence  of  Pt2+  is 
assigned  to  the  formation  of  PtO  [20,44].  Similarly,  two  pairs  of 
doublets  are  deconvoluted  by  curve-fitting  of  Co  2pi/2  and  Co  2p3/2 
XPS  regions  (Fig.  2B).  The  stronger  peaks  at  797.14  and  781.13  eV  are 
attributed  to  Co0,  while  the  weaker  ones  located  at  802.27  and 
785.68  eV  correspond  to  Co2+.  The  coexistence  of  small  amount  of 
Co2+  indicates  the  surface  of  Co  was  partially  oxidized  to  CoO.  This 
observation  is  well  consistent  with  those  in  the  literature 
[20,45,46].  By  measuring  their  relative  intensities,  one  can  find  that 
metallic  Pt  and  Co  are  the  predominant  species,  with  the  percent¬ 
age  of  80.1%  and  60.3%,  respectively,  which  is  closely  related  with 
the  catalytic  activity. 

Importantly,  the  existence  of  HDPC  was  found  essential  to  form 
well-dispersed  flower-like  Pt3Co  nanoparticles.  The  absence  of 
HDPC  yields  aggregated  solid  Pt3Co  nanoparticles,  while  other 
conditions  were  remained  the  same  (Fig.  3).  It  indicates  the  key  role 
of  HDPC  as  a  capping  agent.  The  presence  of  HDPC  can  protect  the 
nanoparticles  form  aggregation  and  even  induce  the  formation  of 
flower-like  Pt3Co  nanoparticles. 

Fig.  4A  shows  the  CVs  of  Pt3Co  nanoflowers  (curve  a),  solid  Pt3Co 
nanoparticles  (curve  b)  and  commercial  Pt  black  (curve  c)  catalysts 
modified  electrodes,  in  which  there  are  two  pairs  of  well-defined 
hydrogen  desorption/adsorption  and  metal  oxidation/reduction 
peaks.  In  the  positive  scanning,  hydrogen  desorption  regions 
appear  at  0—0.2  V  (denoted  with  dotted  box  I),  and  hydroxyl  spe¬ 
cies  (OHad)  adsorption  regions  emerge  beyond  0.8  V  (denoted  with 
dotted  box  II).  Besides,  in  the  reverse  scanning,  the  OHad  reduction 


Fig.  3.  TEM  image  of  solid  Pt3Co  nanoparticles  prepared  in  the  absence  of  HDPC. 


peaks  come  out  at  0.7— 0.8  V  (denoted  with  dotted  box  III),  and 
hydrogen  adsorption  regions  are  detected  below  0.2  V  (denoted 
with  dotted  box  IV).  Notably,  there  is  a  new  peak  emerged  at  0.72  V 
for  Pt3Co  nanoflowers,  which  is  ascribed  to  the  oxidation  of  Co 
leaching  from  the  alloyed  surface  [47], 

Furthermore,  the  potentials  of  OHa(j  adsorption/desorption 
peaks  are  0.911/0.768  V  for  Pt3Co  nanoflowers,  which  positively 
shift  compared  with  those  of  solid  PtgCo  nanoparticles  (0.857/ 
0.711  V)  and  Pt  black  (0.881/0.747  V),  suggesting  weak  affinity  of 
the  OHacj  on  Pt3Co  nanoflowers.  Norskov  et  al.  firstly  reported  that 
the  activity  of  the  metal  catalyst  is  highly  depended  on  the  energy 
of  d-band  center  (ey)  [48,49  .  A  lower  lying  d-band  center  tends  to 
bind  adsorbates  more  weakly.  Therefore,  the  positive  shifts  of  OHa[] 
adsorption/desorption  peaks  can  be  due  to  the  decrease  of  Pt  ri¬ 
band  center  via  modifying  the  electronic  structure  of  Pt  by  Co,  as 
confirmed  by  the  d-band  theory  [50]  and  XPS  experiments  [51], 
Since  the  adsorbed  OHaC|  species  has  a  negative  effect  on  MOR 
[20,52]  and  ORR  [53,54],  the  weak  affinity  of  OHad  on  surface  of 
Pt3Co  nanoflowers  facilitates  the  kinetics,  thus  improving  the 
activities. 

The  ECSA  is  calculated  from  the  hydrogen  desorption  region, 
with  the  value  of  13.16  m2  g_1  for  Pt3Co  nanoflowers.  This  value  is 
higher  than  those  of  solid  Pt3Co  nanoparticles  (8.67  m2  g_1)  and  Pt 
black  (10.29  m2  g_1)  catalysts.  The  larger  ECSA  is  attributed  to  the 
unique  structures  of  Pt3Co  nanoflowers. 

Fig.  4B  displays  the  ORR  polarization  curves  of  Pt3Co  nano¬ 
flowers  (curve  a),  solid  Pt3Co  nanoparticles  (curve  b),  and  com¬ 
mercial  Pt  black  (curve  c)  catalysts  modified  electrodes  in  O2- 
saturated  0.1  M  HCIO4  at  a  rotation  rate  of  1600  rpm.  And  the 
currents  were  normalized  to  the  geometrical  area  of  the  modified 


Fig.  2.  High-resolution  XPS  spectra  of  (A)  Pt  4f  and  (B)  Co  2p  in  Pt3Co  nanoflowers. 
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Fig.  4.  (A)  Cyclic  voltammograms  of  Pt3Co  nanoflowers  (curve  a),  solid  Pt3Co  nanoparticles  (curve  b),  and  commercial  Pt  black  (curve  c)  catalysts  modified  electrodes  in  0.1  M  HCIO4 
at  a  scan  rate  of  50  mV  s  (B)  The  corresponding  ORR  polarization  curves  in  02-saturated  0.1  M  HC104  with  a  rotation  rate  of  1600  rpm  and  a  scan  rate  of  5  mV  s  (C,  D)  The 
corresponding  specific  and  mass  activities  given  as  kinetic  current  densities  normalized  against  the  ECSA  and  mass  of  Pt,  respectively.  Insets  show  the  specific  and  mass  activities  at 
0.65  V,  respectively. 


electrode.  The  onset  potential  is  0.896  V  for  PtaCo  nanoflowers, 
which  is  more  positive  than  those  of  solid  PtaCo  nanoparticles 
(0.783  V),  and  Pt  black  (0.872  V).  Besides,  the  half-wave  potential  is 
0.805  V  for  PtaCo  nanoflowers,  which  is  also  more  positive  than 
those  of  solid  PtaCo  nanoparticles  (0.703  V)  and  Pt  black  (0.741  V). 
These  results  reveal  the  improved  catalytic  activity  of  PtaCo 
nanoflowers. 

In  order  to  further  estimate  the  intrinsic  ORR  activity  of  PtaCo 
nanoflowers,  the  kinetic  currents  were  normalized  to  the  real  Pt 


surface  area  and  Pt  mass  (Fig.  4C  and  D).  Clearly,  PtaCo  nanoflowers 
display  higher  specific  and  mass  activities  than  those  of  solid  PtaCo 
nanoparticles  and  Pt  black  in  the  potential  region  of  0.70-0.85  V. 

Moreover,  the  specific  and  mass  activities  at  0.65  V  are  provided 
(insets  in  Fig.  4C  and  D).  Obviously,  the  specific  activity  is 
0.951  mA  cnT2  Pt  for  PtaCo  nanoflowers,  which  is  higher  than  those 
of  solid  PtaCo  nanoparticles  (0.859  mA  cm~2  Pt)  and  Pt  black 
(0.789  mA  citT2  Pt).  Meanwhile,  the  mass  activity  is 
125.08  mA  mg-1  Pt  for  PtaCo  nanoflowers,  which  is  1.70  and  1.54 


Fig.  5.  Polarization  curves  of  ORR  on  (A)  PtsCo  nanoflowers,  (B)  solid  PtsCo  nanoparticles,  and  (C)  Pt  black  catalysts  modified  electrodes  in  02-saturated  0.1  M  HCIO4  at  different 
rotation  rates  with  a  scan  rate  of  5  mV  s-1.  (D)  The  corresponding  Koutecky-Levich  plots  at  0.4  V. 
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times  larger  than  those  of  solid  Pt3Co  nanoparticles 
(68.24  mA  mg-1  Pt)  and  Pt  black  (81.22  mA  mg-1  Pt),  respectively. 
The  improved  ORR  electrocatalysis  for  PtaCo  nanoflowers  is 
ascribed  to  the  inhibition  of  Pt— OHa(j  formation  via  adjusting  the 
electronic  structure  of  Pt  with  Co  and  their  unique  flower-like 
structures.  The  electrocatalytic  activity  of  Pt3Co  nanoflowers  is 
also  higher  than  those  of  core— shell-like  Pt3Co  nanoparticles 
(0.14  mA  citT2  Pt)  [26],  Pdcore@PtSheii  nanocatalysts  (0.52  mA  citT2 
Pt)  [55],  and  Pt3Ni  nanoctahedras  (110  mA  mg-1  Pt)  [56], 

More  detailed  investigations  of  the  kinetic  parameters  for  ORR 
were  performed  on  Pt3Co  nanoflowers  (Fig.  5A),  solid  Pt3Co  nano¬ 
particles  (Fig.  5B),  and  Pt  black  (Fig.  5C)  catalysts  modified  elec¬ 
trodes  by  altering  the  rotation  speed  from  100  to  2500  rpm  at  a 
scan  rate  of  5  mV  s_1.  As  illustrated  in  Fig.  5D,  the  electron  transfer 
number  is  calculated  to  be  4.06,  4.04,  and  3.91  for  Pt3Co  nano¬ 
flowers,  solid  Pt3Co  nanoparticles,  and  Pt  black,  respectively,  con¬ 
firming  the  efficient  reduction  of  02  to  H20  via  the  four-electron 
reaction  pathway. 

The  performance  of  Pt3Co  nanoflowers  (Fig.  6A,  curve  a),  solid 
Pt3Co  nanoparticles  (Fig.  6A,  curve  b),  and  Pt  black  (Fig.  6A,  curve  c) 
catalysts  modified  electrodes  were  further  investigated  for  meth¬ 
anol  oxidation  reaction  (MOR).  Fig.  6A  shows  the  corresponding 
CVs  in  0.1  M  HCIO4  +  1.0  M  methanol,  in  which  all  the  currents  were 
normalized  to  the  geometrical  area  of  the  modified  electrode.  The 
onset  potential  is  0.407  V  for  Pt3Co  nanoflowers,  which  negatively 
shift  ca.  165  and  142  mV,  compared  with  solid  Pt3Co  nanoparticles 
(0.572  V)  and  Pt  black  (0.549  V),  respectively.  The  down  shift  of  the 
onset  potential  indicates  the  significant  improvement  in  the  ki¬ 
netics  of  MOR  [9[. 

Methanol  oxidation  is  strongly  characterized  by  the  well- 
separated  anodic  peaks  in  the  forward  and  reverse  scans.  The 
anodic  peak  current  density  in  the  forward  scan  (Jf)  is  proportional 
to  the  amount  of  methanol  oxidized  at  the  electrode  surface  [57], 
Obviously,  the  peak  current  density  is  much  higher  for  Pt3Co 
nanoflowers,  compared  to  solid  Pt3Co  nanoparticles  and  Pt  black. 
Fig.  6B  shows  the  corresponding  specific  and  mass  activities 
calculated  from  the  peak  currents  in  the  positive  scans.  The  specific 
activity  is  2.92  mA  citT2  Pt  for  Pt3Co  nanoflowers,  which  is  1.15  and 


1.25  times  higher  than  those  of  solid  Pt3Co  nanoparticles 
(2.36  mA  citT2  Pt)  and  Pt  black  (2.34  mA  cuT2  Pt),  respectively. 
Moreover,  the  mass  activity  of  Pt3Co  nanoflowers  is 
385.12  mA  mg-1  Pt,  which  is  much  larger  than  those  of  solid  Pt3Co 
nanoparticles  (187.47  mA  mg~'  Pt)  and  Pt  black  (160.15  mA  mg-1 
Pt).  Additionally,  the  catalytic  activity  of  Pt3Co  nanoflowers  is  also 
higher  than  those  of  Pt  nanoparticles/graphene  (2.53  mA  cnT2  Pt) 
[58],  branched  Pt— Ni  nanocrystals  (0.9  mA  cm~2  Pt)  [59],  and 
nanoporous  PtRu  alloys  (52.2  mA  mg-1)  [60], 

The  ratio  of  jf  to  the  reverse  oxidation  peak  current  density 
Or),  jf/jr,  can  be  employed  as  an  indicator  for  the  tolerance  of  a 
catalyst  to  the  accumulation  of  incompletely  oxidized  species 
such  as  CO.  The  large  ratio  of  jf/jr  means  efficient  methanol 
oxidation  to  C02  and  elimination  of  poisoning  species  from  the 
catalyst  surface.  The  jf/jr  is  1.37  for  Pt3Co  nanoflowers,  which  is 
higher  than  those  of  solid  Pt3Co  nanoparticles  (1.32)  and  Pt  black 
(1.19),  implying  better  resistance  to  poisoning  CO  of  Pt3Co 
nanoflowers. 

To  further  verify  this  assumption,  CO  stripping  voltammograms 
were  recorded  on  Pt3Co  nanoflowers  (Fig.  6C,  curve  a),  solid  Pt3Co 
nanoparticles  (Fig.  6C,  curve  b)  and  Pt  black  (Fig.  6C,  curve  c)  cat¬ 
alysts  modified  electrodes.  Notably,  the  peak  potential  for  CO 
oxidation  is  0.776  V  on  the  Pt3Co  nanoflowers  modified  electrode, 
which  is  more  negative  than  those  of  solid  Pt3Co  nanoparticles 
(0.901  V),  and  Pt  black  (0.834  V),  reflecting  the  efficient  removal  of 
CO  from  Pt3&)  nanoflowers. 

Herein,  the  enhanced  CO  tolerance  of  Pt3Co  nanoflowers  can  be 
ascribed  to  the  ligand  effects  between  Co  and  Pt,  which  alters  the 
electronic  structure  of  Pt,  inducing  the  negative  shift  of  Pt  4f 
binding  energy  of  Pt3Co  nanoflowers  and  the  lowering  of  Pt  d-band 
center,  as  strongly  supported  by  previous  work  [61,62],  It  is  known 
that  the  lowering  of  d-band  center  weakens  the  interactions  of  the 
adsorbates  to  the  substrates  [63—65].  Therefore,  the  change  of 
electronic  structure  of  Pt  leads  to  the  weakened  CO  adsorbed  on 
Pt3Co  nanoflowers.  Besides,  the  efficient  CO  removal  from  Pt3Co 
nanoflowers  is  also  associated  with  the  bifunctional  mechanism. 
The  Co  disrupts  the  continuity  of  Pt  lattice  and  provides  more  sites 
for  OH  adsorption  [20,32], 
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Fig.  6.  (A)  Cyclic  voltammograms  of  Pt3Co  nanoflowers  (curve  a),  solid  Pt3Co  nanoparticles  (curve  b),  and  Pt  black  (curve  c)  catalysts  modified  electrodes  in  0.1  M  HC104  containing 
1.0  M  methanol.  (B)  The  corresponding  specific  and  mass  activities  calculated  from  the  peak  currents  in  the  positive  scans.  The  corresponding  (C)  CO-stripping  voltammograms  at  a 
scan  rate  of  50  mV  s-1  in  0.1  M  HC104  and  (D)  chronoamperometric  curves  by  applying  a  potential  of  0.85  V  in  0.1  M  HC104  +  1.0  M  methanol. 
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Fig.  7.  Cyclic  voltammograms  of  (A)  Pt3Co  nanoflowers,  (B)  solid  Pt3Co  nanoparticles, 
and  (C)  commercial  Pt  black  catalysts  modified  electrodes  before  (curve  a)  and  after 
(curve  b)  1000  potential  cycles  in  0.1  M  HC104. 


oxidation  current  are  observed  for  Pt3Co  nanoflowers  in  compari¬ 
son  with  solid  Pt3Co  nanoparticles  and  Pt  black  under  the  same 
conditions,  although  the  current  density  continues  to  decay. 

Furthermore,  the  accelerated  durability  test  (ADT)  was  per¬ 
formed  to  examine  the  stability  of  Pt3Co  nanoflowers,  using  solid 
Pt3Co  nanoparticles  and  Pt  black  as  references.  After  1000  cycles, 
the  ECSA  is  remained  84.38%  of  its  initial  value  (Fig.  7A)  for  Pt3Co 
nanoflowers,  while  the  ECSA  is  about  53.26%  and  55.94%  for  solid 
Pt3Co  nanoparticles  (Fig.  7B)  and  Pt  black  (Fig.  7C)  under  the 
identical  conditions,  respectively.  These  results  indicate  that  Pt3Co 
nanoflowers  have  the  enhanced  long-term  catalytic  stability  for 
MOR  in  acid  media.  The  enhanced  stability  is  attributed  to  the 
unique  interconnected  structures  of  Pt3Co  nanoflowers,  which  can 
effectively  suppress  the  Ostwalding  ripening  effects  [31,32].  This 
assumption  is  further  supported  by  TEM  measurements  (Fig.  8),  in 
which  the  flower-like  structures  are  still  remained  and  no  obvious 
aggregation  is  found  after  the  ADT. 

4.  Conclusion 

A  simple  one-pot  method  was  developed  for  synthesis  of  porous 
Pt3Co  nanoflowers  via  the  co-reduction  of  Pt(acac)2  and  Co(acac)3 
in  oleylamine.  The  alloyed  Pt3Co  nanoflowers  displayed  the 
enhanced  electrocatalytic  performance  for  ORR  and  MOR  in  HC104, 
compared  with  solid  Pt3Co  nanoparticles  and  commercial  Pt  black. 
This  is  ascribed  to  the  unique  interconnected  porous  structure,  the 
ligand  effects,  and  bifunctional  mechanism.  The  as-developed 
method  provides  a  general  approach  for  preparation  of  bimetallic 
electrocatalysts  in  DMFCs. 
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To  further  evaluate  the  stability  of  Pt3Co  nanoflowers  (Fig.  6D, 
curve  a),  solid  Pt3Co  nanoparticles  (Fig.  6D,  curve  b),  and  Pt  black 
(Fig.  6D,  curve  c)  catalysts  modified  electrodes,  i—t  curves  were 
recorded  for  6000  s  at  a  fixed  potential  of  0.85  V  in  0.1  M 
HCIO4  +  1.0  M  methanol.  Apparently,  the  initial  current  density 
rapidly  decays,  due  to  the  formation  of  CO-like  intermediate  spe¬ 
cies  during  MOR.  However,  much  slower  current  decay  and  higher 
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